The effects of right vagus nerve stimulation on heart rate were examined in 16 dogs anesthetized with chloralose (60 mg/kg, iv) and urethane (600 mg/kg, iv) after a bilateral cervical vagotomy.
response to pulses of acetylcholine released by brief electrical stimulation of the vagus nerve. On the basis of these observations and information concerning the pattern of vagal activity reported recently (5), we suggest that vagal control of the heart rate should be thought of not only in terms of the mean frequency of vagal activity, but also in terms of the timing (phase relationship) of the vagal impulses within the cardiac cycle.
Method
Sixteen adult mongrel dogs were anesthetized with morphine sulphate (1 mg/kg, sc), wanned alpha chloralose (60 mg/kg, iv), and urethane (600 mg/kg, iv). Both cervical vagus nerves were cut and bipolar platinum wire electrodes were placed on the cardiac end of the right vagus nerve. A bipolar recording electrode was passed transvenously to the right atrium. Computer programs were written to use the IBM 360/50 time-shared computing facility at the Stanford Medical Center (ACME) to control the timing and frequency of electrical stimuli to vagus nerves' and to measure the resultant cardiac cycle lengths. Two protocols were written. In both programs the P-P intervals were measured to the nearest 2 msec as the time between threshold crossings of the derivatives of the P-waves. In the first program, a burst of 1 to 5 trigger impulses separated by 10 msec (hereafter termed the stimulation) was delivered to the external control of a Grass S4D square-wave stimulator at predetermined times after the onset of a P-wave. The output of the stimulator was connected to the electrodes mentioned above. Twenty-five consecutive P-P intervals were measured and stored on file before another burst of impulses or impulse train was again delivered.
In the second protocol, the vagus was repetitively stimulated at a fixed frequency over a 2-minute duration with the number of impulses in each burst specified. Again 10 msec separated the impulses. The range between bursts was 250 msec to 2000 msec and the number of impulses per burst was 1 to 5. The phase relationship between stimulus and P-wave was not determined by the computer.
The beta-receptor blocking agent propranolo] (1 mg/kg, iv) was given before all experiments to eliminate variations in sympathetic stimulation of the heart.
Results
Protocol 1.-The records from two representative stimulations are shown in Figure 1 , where it is seen that a train of five impulses placed early in the heart cycle results in a delay in the next heart beat, i.e., lengthens the cardiac cycle in which the stimulus is delivered (a). A stimulus delivered later in the cycle (at 370 msec after the P-wave onset) has no effect in that cycle but delays the subsequent beat, i.e., lengthens the cardiac cycle following the cycle in which the stimulus is delivered (b). Figure 2 summarizes the effect of 1, 3, and 5 stimuli applied at various times in the cardiac cycle in the presence of propranolol in one animal and is representative of the data presented in Table 1 . The horizontal axis is time in milliseconds from onset of the P-wave to the vagal stimulus. The vertical axis is the length in milliseconds of the P-P interval resulting from the stimulus. The data to the right of the vertical axis are the intervals of the cycles containing the stimuli. The data to the left are the intervals of the Summary of the effect of altering the timing and number of impulses in the pulse train on the P-P interval. The horizontal axis is the time relationship between the P wave and the vagal stimulus. Vertical axis is the resulting P-P interval.
cycles following the stimuli when the stimulation occurs within 200 msec of the end of a cycle. That the stimulus occurs before the measured cycle is suggested by the use of the negative time notation. Table 1 summarizes data from 16 experiments. A total of about 2000 stimulations were carried out. The P-P intervals reported are those from vagal stimulations carried out close to the start of the cardiac cycle, and at 100-msec intervals into the cycle. In addition, P-P intervals are included when the P-P interval changed greatly with respect to a small change in timing of the vagal stimulation. This occurred within the last 200 msec of the atrial cycle.
The data indicate that for any given number of impulses in the stimulus train, the response of the inhibited cycle varies with the time of the stimulus. In general, the later the timing of thestimulation, within the cardiac cycle, the greater is the interval of that cycle.
CircuUstoK Ruurcb, Vol. XXVII, Novtmbtr 1970 The shape of the curve is a function of both the time and strength of stimulation. With one stimulus in the stimulation, or in animals where the magnitude of the response is reduced, the P-P intervals achieved may reach a plateau or decrease before the point of no response. With five impulses in the stimulation, the interval increases as the timing of the vagal stimulus is moved from the point 200 msec before the P-onset until a point 270 msec after the onset. At that point, regardless of the number of impulses, every subsequent stimulus fails to increase the length of the interval in which it falls but it then lengthens the following cycle.
The slope of the relationship between the change in cycle length and the change in timing of the stimulus increases with the number of impulses in the stimulus train. In the data from Figure 2 , with one impulse, P-P intervals of from 475 to 620. msec were achieved by changing the timing of the stimulus through a range of 400 msec. When five impulses were utilized in the stimulus, the range of intervals achieved by moving the time of stimulus extended from a minimum of 775 msec to the maximum of 1150 msec.
Protocol 2.- Figure 3 summarizes the data acquired in two animals following the second protocol of repetitive stimulation at fixed intervals. The vertical axis in each graph represents the mean P-P interval in msec for the periods of vagal stimulation. The horizontal axes represent the vagal stimulation intervals. The Figure indicates that, overall, the mean P-P interval increases as the period between vagal stimuli decreases and as the number of pulses in the stimulus train increases. However, the mean P-P interval does not uniformly increase as the stimulation period decreases. The mean P-P interval actually decreases through a zone in which the cardiac cycle length and the vagal stimulation period are about the same. This results in the phenomenon of synchronization, in which the heart rate 'locks" to the vagal stimulation rate. the number of impulses in each stimulation. For example, when one stimulus was used in the stimulation, the mean P-P interval was locked to the vagal stimulation interval only at the stimulation interval of 600 msec. When five stimuli were used in the stimulation, the mean P-P interval was locked to the vagal stimulation interval from 900 msec through 600 msec. Data in Figure 3 also illustrate that synchronization occurred not only where the mean P-P interval and the vagal stimulation interval were in a 1:1 ratio but also when they were in a 2:1 or 1:2 ratio. The fine lines labeled 2:1, 1:1, and 1:2 are the loci of points if the ratios of P-P intervals to stimulation intervals were of 2:1, 1:1, and 1:2, respectively. Figure 4 illustrates data obtained from a single animal using a variant of protocol 2. The vagal stimulation, consisting of five impulses per stimulation, was continuously altered from a rate of 60 stimulations/min to 136 stimulations/min over a period of 500 seconds. In the Figure, the top row is the heart rate and the bottom row is the stimulation rate. In the section shown, as the stimulation rate increases from 72 to 84 stimulations/min, the heart rate increases from 78 to 88. The heart rate is entrained to the vagal stimulation rate with a slight phase lag. As the vagal stimulation rate continues to increase from 84 to 106 stimulations/min, the heart rate declines from 88 to 56 beats/min. The irregularity in the rate in this section is due to the stimulus occurring randomly in the succeeding cycles. As the vagal stimulation rate continues to increase from 106 to 126, the heart rate again increases from 56 beats/min to 64. During this period, two stimulations occur per cardiac cycle, thus demonstrating again the entrainment at the first harmonic as suggested in Figure 3 . Finally, the stimulation continues on to the peak of 136 stimulations/min and the heart rate reaches a minimum of 48 beats/min. At the end of the Figure, entrainment reoccurs as the stimulation rate again slows.
In the inset, the P-stimulus intervals of both stimuli are plotted against time during 2:1 entrainment. As will be redemonstrated in the following section for 1:1 entrainment, the Pstimulus interval decreases as the stimulation frequency increases.
In Figure 5 are selected cycles from the second protocol which illustrate that phase shift is the mechanism by which frequency entrainment is achieved with otherwise inhibitory pulses. The top half of each section is the stimulation record and the bottom half is the electrogram. The horizontal axis is 10 msec per division.
In section a, a vagal stimulus of 5 impulses, 250 msec after the P-onset, results in a P-P interval of 950 msec. Inasmuch as the second stimulus in the record is 950 msec after the first, the two "oscillators," vagal stimulus and heart jate, areJocked infrequency and phase.
When the frequency of the vagal stimulus is
CtrcvUticm Rueorcb, Vol. XXVII, November 1970 increased a small amount, the stimulus will occur sooner after the next heart beat. As demonstrated with the single stimulation data of Figure 2 , the cycle length resulting from an earlier stimulus will be shorter. This process continues until again the stimulus and the heart beat interval equal each other. In section b, this is achieved when the vagal stimulus, occurring at an interval of 890 msec, comes to be placed at a P-stimulus interval of 130 msec which results in a P-P interval of 890 msec. Again, in section c, when the stimulus interval is even shorter, 860 msec, the P-stimulus interval is 90 msec, which results in the cycle of 860 msec and continued synchronization. The highest cardiac frequency during the synchronization zone is achieved when the stimulus occurs in the phase of the cardiac cycle in which inhibition is least.
Section d illustrates that the minimal cycle length is achieved when the stimulus occurs 150 msec before the P-wave. Again this timing correlates with the single stimulation data in Figure 2 .
Discussion
These experiments were carried out to test the hypothesis that variation in atrial interval length in complete heart block was due solely to a variation in "vagal tone." In complete heart block, the normal sequence of electrical excitation from atrial pacemaker to venfaicular muscle is interrupted and the ventricle gener- JL JL -710-
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Stimulus and P-u>ave onset relationships during synchronization. Note the shift in phase relationships between the stimulus and the P wave as the vagal stimulation interval decreases.
ates its own rhythm independent of the atrium. Under these circumstances, the atrial rate is generally much faster than the ventricular rate. It has been noted many times that "the first auricular cycle following a ventricular contraction is long but successive auricular cycles shorten until the ventricle again contracts" (6) . It has been generally accepted that this phenomenon is due to variation in "vagal tone" caused by excitation of arterial pressure receptors and subsequent transmission through the central nervous (7) that the atrial cycle length in heart block is linearly related to the arterial pressure at the beginning of the beat. We noted in a preliminary review of our own data, however, that there was some discrepancy in the arterial pressure-heart rate relationship that might be related to the timing of the arterial pulse within the atrial cycle. We designed these experiments, therefore, to standardize both the level of vagal activity and the timing of the stimulus within the cardiac cycle. The data demonstrate that there is a functional dependence of the P-P interval resulting from a particular level of vagal stimulation on the phase of the cardiac cycle in which that stimulus is delivered. The slope of the function which relates the change in timing to the amount of inhibition varies with the number of pulses in the stimulus train. In any given experiment, the greater the number of impulses, the more sensitive the change in interval is to a change in phase.
There is in addition a period approximately 200 msec before the end of the cycle in which the stimulus was always ineffectual in lengthening the same cycle. Increasing the stimulation strength defined the point of refractoriness, but did not move it. It has been previously suggested (8) that this time period is occupied by the diffusion of the neurotransmitter acetylcholine. Calculation of nervous conduction and synaptic transmission times of 10 msec and 4 msec, respectively, indicate that the long latent period exists in the terminal vagus and pacemaker (8) . We have no new information on this aspect except to point out its existence and demonstrate functionally that in this region the maximum interval and the minimum interval are achieved by moving the time of the stimulation only 10 msec.
In the second protocol, it is demonstrated that increasing the frequency of regularly spaced vagal stimulation does not uniformly decrease heart rate. Indeed, the heart rate may increase synchronously with the vagal stimuli. The term paradoxical entrainment may be applied to this phenomenon: entrainment being the condition in which the frequency of one oscillator affects the frequency of another (9); and paradoxical in that an increase in the frequency of the inhibitory oscillator results in a relative increase of the affected oscillator. The basic phenomenon has been previously demonstrated in pacemaker neurons in the seaslug (Aplysia) and the crayfish (Procambarus) and mathematically simulated on a digital computer (10) . Reid (11) and Levy et al. (12) have also demonstrated paradoxical entrainment in the vagal-cardiac system of cat, rat, and dog.
It is suggested that the conditions sufficient for paradoxical entrainment (10) are: (1) that there be a functional dependence of the interval on the phase, and (2) that the slope of this function be positive. The mechanism for paradoxical entrainment then is that when the stimulus frequency is increased, the stimulus occurs in the phase of the cardiac cycle which results in less prolongation of the cycle. It is a relative increase in cardiac frequency and is not an increase in frequency with respect to the unstimulated state. Levy et al. (12) plotted the phase of cycle versus cycle length resulting from regularly spaced stimuli. The function so obtained was "sinusoidal" with positive slope indicated at the beginning and the end of the atrial cycle. In the first protocol, we used nonrepetitive vagal stimuli to determine the response curve and demonstrated that the conditions given for the pacemaker neuron also hold for the vagalcardiac system. The data also indicate that the late rising portion of the response curve of Levy et al. (12) is the response to the stimulation late in the previous cycle, and not due to the stimulus included in the current cycle. This was indicated in a second paper from Levy et al. (13) .
The magnitude of the responses in this study, using a single impulse in each stimulation, is similar to the single stimulation experiments of Brown and Eccles (8) A change in timing under these circumstances, at a base period of 400 msec, would result in a change in heart period to 440 msec, a change that may be considered, in the physiologic sense, relatively small when considering the normal range of cardiac intervals. In our experiments, the magnitude of the response may be as great as 1200 msec, or 300% of base period. This is well within the range of normal resting heart rate in the dog. To achieve cardiac intervals of 1000 msec with repetitive stimulation, the stimulus frequency must be in the neighborhood of 2/sec. The effect of timing changes is masked as there are now two stimuli evenly spaced in the P-P interval.
A second observation that arises from changing the strength of the stimulation is that the form of the response curve changes. At first glance, with one impulse per stimulation the curve appears to be "sinusoidal." With an increase in the number of impulses in the stimuli, however, the form of the heart rate response curve more nearly approaches a "sawtooth." With stronger stimulation, then, the P-P cycle length does not level off but continues to increase as the time of the stimulus is prolonged. While "sawtooth" may appear simply to be more accurate than "sinusoid" in the graphic sense, the real point is that "sawtooth" reflects the concept that the underlying oscillator (i.e., the pacemaker) is a relaxation oscillator. The fundamental frequency of this form of oscillation is determined by its relaxation time. Such an oscillator has the property of frequency entrainment at harmonics and subharmonics of the fundamental frequency (14) . On the other hand, a sinusoidal oscillator whose fundamental frequency is the product of mass and elasticity does not usually entrain at subharmonics.
The third comment relating our findings to those of the previous authors is that the range of entrainment is a function of the number of impulses in the stimulus train. In the data given by Levy et al. (13) , entrainment occurred between vagal stimulation intervals of 625 and 715 msec. This is confirmed in our experiments with one impulse per stimulus. With stronger stimuli, the heart rate is entrained over a greater range. In addition, with greater inhibition, subharmonic and harmonic entrainment is demonstrable. This was not observed at the lower levels of inhibition.
We have been concerned to this point with frequency entrainment. The final comment concerns the alteration in the strength of the inhibition and its effect on cycle length. In the standard conceptualization of the vagal heart rate system, increasing the strength of the stimulus decreases the heart frequency. The present experiments reveal, however, that this is true only if the phase of the cardiac cycle in which the stimulation occurs is held constant by the investigator. Increasing the strength of the stimulus is equivalent to moving from one response curve to another, each with its own characteristic form and slope. For example, using the data from Figure 2 , increasing the number of pulses from three to five would result in no change in P-P interval, if the P-tostimulus delay simultaneously moved from 180 msec to 20 msec. This phenomenon is a form of frequency locking despite greater inhibition.
The phenomenon of entrainment in biologic oscillators has been investigated in such widely divergent areas as circadian rhythmicity (15), pacemaker neurons (1), coordination of limbs in multilimb arthropods (16) , and coordination of wings in locust flight (17) . The application of this finding in the cardiovascular system is most clear in complete heart block where the phase relationship between ventricle and atrium may be stable for long periods of time.
The phenomenon of paradoxical vagal entrainment in itself challenges the interpretations of physiologic vagal control which were based on experiments carried out with highfrequency, uniformly spaced vagal stimuli. But recent evidence indicates that vagal activity in vivo is not a regularly spaced train of activity but occurs in bursts, with the fundamental frequency already locked to the heart rate. This raises the question as to the importance of entrainment in the physiologic state. Our opinion is that the phenomenon of vagal entrainment confirms the existence of the phasic sensitivity to vagal stimulation in the manner predicted by Perkel et al. (.10) . Phasic sensitivity is the observation that introduces an alternative to the concept of vagal "tone" alone as the mechanism of controlling heart rate.
The concept of vagal tone has been developed primarily based on the observation that cutting either the vagi or the carotid sinus and aortic nerves releases the inhibition and a high heart rate ensues. Although it was demonstrated as long ago as 1934 (18) that sympathetic nerve activity efferent from the central nervous system was cyclic and related to the heart beat, no such attribute was assigned to the vagus. Recently, however, it has been shown that vagal efferent activity also appears to be in synchrony with the arterial pressure waveform (5). The peak vagal activity in response to an arterial pressure pulse may vary from as short as 80 msec to as long as 240 msec after the initial rise of the pulse (5). In direct carotid sinus nerve stimulation (CSN) experiments, a pulse uniformly appears in cardiac vagal efferents. The latency between the CSN stimulus and vagal activity is variable and averages approximately 80 msec (19). It appears likely that cardiac action generates the cyclic vagal activity in a phasic manner and that the central delay is due to a polysynaptic pathway in both instances.
In short, evidence is accumulating that at least part of the activity in the vague nerve is in response to baroreceptor activity, that this activity is phasic, that it arises after a distinct delay, and that this delay is variable. If the cardiac cycle were uniformly sensitive to acetylcholine or if the cycle length were linearly related to the quantity of acetylcholine present, the cycle length would depend only on the rate of generation and decay of armUuon Ktsetrch, Vol. XXVll, Novtmier 1970 the neurotransmitter and those observations mentioned above concerning the distribution and timing of vagal activity would have little significance in regulation of heart rate.
Our experiments demonstrate, however, that such is not the case but rather that there is phasic response to vagal stimuli and that the degree of control that is achieved by an alteration in the timing is greater with the magnitude' of the stimulus. Further experiments must be carried out in the intact unanesthetized animal to determine the relative importances of the timing of vagal activity and the level of vagal activity in the regulation of cardiac frequency. We believe, however, that there is sufficient evidence to propose that vagal regulation of cardiac frequency might be achieved in the central nervous system by modulating both the frequency and phase of incoming information destined for the vagal-cardiac subsystem.
